Meckel syndrome (MKS) is a pre-or perinatal multisystemic ciliopathic lethal disorder with an autosomal recessive mode of inheritance. Meckel syndrome is usually manifested with meningo-occipital encephalocele, polycystic kidney dysplasia, postaxial polydactyly and hepatobiliary ductal plate malformation. Germline variants in CEP290 cause MKS4. In this study, we investigated a 35-years-old Chinese female who was 17+1 weeks pregnant. She had a history of adverse pregnancy of having foetus with multiple malformations. We performed ultrasonography and identified the foetus with occipital meningoencephalocele and enlarged cystic dysplastic kidneys. So, she decided to terminate her pregnancy and further genetic molecular analysis was performed. We identified the aborted foetus without postaxial polydactyly. Histological examination of foetal kidney showed cysts in kidney and thinning of the renal cortex with glomerular atrophy. Whole exome sequencing identified a novel homozygous variant (c.2144T>G; p.L715 * ) in exon 21 of the CEP290 in the foetus. Sanger sequencing confirmed that both the parents of the foetus were carrying this variant in a heterozygous state. This variant was not identified in two elder sisters of the foetus as well as in the 100 healthy individuals. Western blot analysis showed that this variant leads to the formation of truncated CEP290 protein with the molecular weight of 84 KD compared with the wild-type CEP290 protein of 290 KD. Hence, it is a loss-of-function variant.
| INTRODUC TI ON
Meckel syndrome type 4 (MKS4) [MIM# 611134 ] is a pre-or perinatal lethal ciliopathic disorder with an autosomal recessive mode of inheritance. 1 Meckel syndrome is manifested with occipital meningoencephalocele, postaxial polydactyly, multicystic kidney dysplasia and hepatobiliary ductal plate malformation. 2 Meckel syndrome patients are usually died before or soon after birth. In addition, the incidence of MKS is 1 in 140 000 live birth worldwide. 3 In Finnish and Belgian population, the occurrence of MKS is more than the other populations. 3 Genetically, MKS is extremely heterogenous and associated with germline variants of a group of genes. 4 Moreover, MKS has been reported to be caused by the germline variants of eight genes (CEP290, MKS1, B9D1, B9D2, CC2D2A, RPGRIP1L, TMEM67, TMEM216). 4 These eight genes and their encoded proteins are playing the key role in the formation of cilia. 5 Structurally, cilia are located on the cellular surface and maintaining the structure and function of a group of cells, namely brain cells, kidney cells and liver cells. 6 Cilia are also involved in transmitting signals among adjacent cells. 6, 7 So, germline variants of any of these eight genes exert effects on the structure and function of cilia which finally results into MKS.
Germline variants of CEP290 gene cause MKS4. CEP290 gene is located in the long arm (q) of chromosome 12. 8 The CEP290
gene has 54 exons and encodes CEP290 (centrosomal protein of 290 kD) protein consisting of 2479 amino acids. 8 Among those reported variants of CEP290, most of them are classified as loss-of-function (non-sense, frameshift or splice-site variants) variants. 2 In this study, we investigated a 35-years-old Chinese female who was 17+1 weeks pregnant (gravida 6, para 2). She had a history of adverse pregnancy of having foetus with multiple malformations. We performed ultrasonography and identified the foetus with all classic MKS symptoms, that is occipital meningoencephalocele, enlarged cystic dysplastic kidneys. So, she decided to terminate her pregnancy and further genetic molecular analysis was performed. We found the aborted foetus without postaxial polydactyly. Histological examination of the foetal kidney showed cysts in kidney and thinning of renal cortex with glomerular atrophy. The histology of the foetal liver is completely normal without hepatobiliary ductal plate malformation. Karyotype analysis and chromosomal microarray found no chromosomal abnormalities in the foetus. Genomic DNA has been extracted from the skin of the foetus. Whole exome sequencing identified a novel homozygous variant (c.2144T>G; p.L715 * ) in exon 21 of the CEP290 gene in the foetus. Sanger sequencing confirmed that both the parents of the foetus are heterozygous for this variant. Our present study identified the first variant in CEP290 gene associated with MKS in Chinese population. In this study, we also emphasize the significance of whole exome sequencing for identifying candidate variant in the MKS patients with CEP290 variants. 
| MATERIAL S AND ME THODS

| Patients and families
| Karyotype and chromosomal microarray analyses
In order to analyse the structure of all the chromosomes in the foetus, we performed standard G-banding karyotyping. Next, in order to confirm the presence of copy number variations (CNV) in the foetus, chromosome microarray analysis was performed using a CytoScan HD array (Affymetrix), according to the manufacturer's protocols (Affymetrix). Chromosome Analysis Suite software version 1.2.2 F I G U R E 1 Pedigree of the described non-consanguineous Chinese family with MKS. Squares and circles denoted males and females respectively. Individuals labelled with a solidus were deceased. Roman numerals indicate generations. Arrow indicates the proband (II-6)
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K E Y W O R D S
CEP290 gene, homozygous, loss-of-function, Meckel syndrome, novel variant were used for analysing the data. The reporting threshold of copy number was set at 10 kb with marker count at ≥50. 9
| Whole exome sequencing and identification of variants
Genomic DNA of foetus was extracted from the skin of the foetus according to the manufacturer's instructions. Genomic DNA of the foetus was subjected to whole exome sequencing. Agilent SureSelect version 4 (Agilent Technologies) was used to capture the sequences. We use Illumina HighSeq 4000 platform to sequence the enriched library. Next, we use Burrows-Wheeler Aligner software (version 0.59) for aligning the sequencing reads with GRCh37.p10. After that, local alignment and recalibration of base quality of the Burrows-Wheeler aligned reads was performed by the GATK Indel Realigner and the GATK Base Recalibrator, respectively (broadinstitute.org/). Then, GATK Unified Genotyper (broadinstitute.org/) was used for identifying single-nucleotide variants (SNVs) and small insertions or deletions (InDels). Finally, the identified variants were annotated with the Consensus Coding Sequences Database (20130630) at the National Center for Biotechnology Information (NCBI). The quality control of whole exome sequencing has been illustrated in Table 1 .
During interpretation and analysis of the data, we selected the variations if their minor allele frequencies are less than 0.05 in dbSNP 
| Sanger sequencing
In order to validate the identified variants by whole exome sequencing, we performed Sanger sequencing. Designing of primer pairs for the candidate loci has been done based on the reference genomic sequences of the Human Genome from GenBank in NCBI.
Primer pairs were synthesized by Invitrogen, Shanghai, China.
Polymerase chain reaction (PCR) was performed with an ABI 9700
Thermal Cycler and next, directly sequenced the PCR products by an ABI PRISM 3730 automated sequencer (Applied Biosystems).
Analysis of sequencing data has been done by DNASTAR SeqMan (DNASTAR).
Whole exome sequencing identified the novel homozygous variant which was validated by Sanger sequencing using the following primers: F1 5′-AGGCGATGCGGCGGTTTCTAGC-3′, R1 5′-GGCCGCGGCGATCGGCCGTG-3′. The reference sequence NM_025114.3 of CEP290 was used. 
| In vitro functional analysis of the novel variant by western blot
| Immunofluorescence study of human kidney tissues
Foetal kidney tissue and also normal kidney tissues were fixed in 4% paraformaldehyde overnight and embedded in 4 μm thick paraffin.
The paraffin block containing kidney tissue was cut into thin slices and baked them dry (60°C, 2 hours). Next, de-paraffinization was performed (xylene I, 20 minutes; xylene II, 20 minutes; 100% ethyl alcohol, 5 minutes; 95% ethyl alcohol, 5 minutes; 70% ethyl alcohol, 5 minutes; double steamed water, 5 minutes/3 times; 3% H 2 O 2 , 5 minutes; double steamed water, 5 minutes/2 times; 0.3% triton X-100, 10 minutes) and then boiled in citrate buffer (for antigen retrieval) in pH 6.0 (2 × 5 minutes microwave at 900 W). Blocking of non-specific binding sites has been done by 5% BSA at room temperature for 1 hour and followed by incubation in 1% BSA buffer overnight at 4°C with appropriate antibodies (CEP290: sc-390462, 1:50; ARL13B: 17711-1-AP, 1:50). Alexa Fluor 488 (1:400, # A32723) or Alexa Fluor 488 (1:400, # A32731) was added for 1 hour at 37°C.
Then, the glass slides were rinsed in PBS (5 minutes/time, three times) and coverslips were fixed on glass slides with fluoroshield mounting medium (containing DAPI). Confocal images were taken using a scanning microscope system (Yokogawa CSU-X1 spinning disk scanner coupled to a Zeiss Axio Imager Z2 inverted microscope and controlled by Zen Blue software).
| In silico analysis
The variant identified in the foetus by whole exome sequencing was analysed by Mutation Taster (http://mutat ionta ster.org/). 11 
| RE SULTS
| Human subjects
In this present study, we investigated a 35-years-old pregnant Chinese woman who had a history of adverse pregnancy (Figure 1 ). This Chinese family is a truly non-consanguineous. She is 17+1-week pregnant (gravida 6, para 2). It is her 6th pregnancy and she had successful deliveries of two girl children from her previous five pregnancies. During her 6th pregnancy, she went to our hospital for routine B-ultrasound examination and we identified her foetus with multiple malformations.
During consultation, it has been revealed that she had a history of adverse pregnancy for three times among her last five pregnan- recommended to perform routine B-ultrasound test. We found foetal hydrocephalus and extraventricular cysts with less amniotic fluid (AFI: 6.8 cm). The pregnancy was terminated and it was a female foetus. In 2008, her second pregnancy was completely uneventful and she has given birth to a normal baby girl. In 2009, during her third pregnancy, she again visited our hospital and recommended to perform routine B-ultrasound test. That time, we found a small amount of liquid at the dark area in the foetus with very less amniotic fluid (AFI: 1.0 cm). The pregnancy was terminated and the gender of the foetus was unknown. In 2010, during her fourth pregnancy, we again recommended her to perform the routine B-ultrasound test and we identified the foetus with lateral ventricle enlargement, abnormal structure of the skull, wide range of liquid dark areas, the structure of the brain midline became thinner. We also found that the foetal neck with an echo-free zone, the range was 5.4 × 6 cm,
showing clearly the separation inside with very less amniotic fluid (AFI: 1.9 cm). The pregnancy was terminated and it was a male foetus. In 2013, her fifth pregnancy was completely uneventful and she has given birth of a normal baby girl.
In 2017, during her sixth pregnancy, she again visited our hospital and recommended to perform routine B-ultrasound test. We found that the continuous echo of the skull in the occipital region was interrupted, about 0.96 cm wide. The cerebellum tissue bulged out and located in the extracranial cavity, forming a mass of about 1.56 × 1.2 cm, and the cranial cavity was significantly smaller ( Figure 3A) . The foetal kidneys were obviously enlarged, filled the entire abdominal cavity ( Figure 3B ).
The size of the left kidney was about 3.0 × 2.1 × 1.9 cm, and the size of the right kidney was about 3.0 × 1.8 × 2.0 cm. There are many cystic echo regions of different sizes and shapes. Prenatal genetic diagnosis with amniocentesis at 18 weeks of gestation was performed.
| Karyotype and chromosomal microarray analyses
Karyotype analysis found no chromosomal structural abnormality in the foetus (46, XX). Chromosomal microarray did not identify any pathogenic copy number variations (CNVs) in the chromosomes of the foetus.
After identifying no abnormality in both karyotype and chromosome microarray, and based on both the multiple similar adverse pregnancy history and clinical symptoms (foetal meningocele during pregnancy and bilateral polycystic Kidney with poor prognosis) of the foetus, the pregnant woman decided to terminate the pregnancy and perform further genetic molecular diagnosis to understand the underlying cause of the disease phenotype.
We observe the aborted foetus and found occipital encephalocele ( Figure 4A ), bilateral polycystic kidneys (occupying the entire fatal abdomen) ( Figure 4B ,C). We have not found postaxial polydactyly in both hand and feet of the foetus (Figure 4D ,E). We also identified bilateral grossly enlarged kidneys interspersed with small, pinhead-sized cysts ( Figure 4F ). Histology of kidney found cysts in kidney and thinning of renal cortex with glomerular atrophy ( Figure 4G ). Histology of liver showed no abnormality ( Figure 4H ).
Foetal skin tissue was taken for the extraction of genomic DNA.
Whole exome sequencing has been done with foetal genomic DNA.
F I G U R E 2 Schematic presentation of the detailed data interpretation pipeline
| Whole exome sequencing and Sanger sequencing identified a homozygous novel variant in CEP290
We performed whole exome sequencing of DNA from the skin of 
| In vitro functional analysis and characterization of the novel variant by western blot
Western blot analysis showed that this variant (c.2144T>G, p.Leu715*) leads to the formation of a truncated CEP290 protein with the molecular weight of 84 KD compared with the wild-type CEP290 protein of 290 KD. In addition, the expression of the mutated CEP290 protein in foetal kidney tissue was also significantly lower in comparison with the expression of the wild-type CEP290 protein in normal kidney tissues ( Figure 6A ). 
| Immunofluorescence study of human kidney tissues
Immunofluorescence study showed that the expression of mutated CEP290 was quite lower in foetal polycystic kidney tissue in comparison with the expression of wild-type CEP290 protein in normal kidney tissue, which was consistent with the results of Western blot.
In addition, we also observed that the localization of the mutated CEP290 protein in foetal kidney tissues, compared to the wild-type CEP290 protein in normal kidney tissues with a magnification of 40× ( Figure 6B ).
In order to understand the specific location of both wild-type and mutated CEP290 in normal as well as in foetal kidney tissues, we used high magnification (63×) immunofluorescence imaging. In accordance with previous studies, Figure 7A showed CEP290 localization to the ciliary base in normal kidney tissue. 12, 13 However, CEP290 had almost no expression in foetal polycystic kidney tissue. In order to observe the effect of CEP290 variant on ciliary structure, we detected the localization and expression of ARL13B
(ADP-ribosylation factor-like protein 13B) in both normal and foetal polycystic kidney tissues by immunofluorescence assay. The expression of ARL13B in foetal polycystic kidney tissues with mutated CEP290 protein was similar to the normal kidney tissues with wild-type CEP290 protein ( Figure 7B ). We also found difference in the length of cilia between the wild-type and mutant kidney tissues. The mutant cilium appears longer in length than that of the wild-type cilium.
F I G U R E 5 Partial DNA sequences in the CEP290 gene by Sanger sequencing of the family. The reference sequence NM_025114.3 of CEP290 gene was used F I G U R E 6 A, Protein expression analysis using Western blotting of kidney tissue obtained from patient MKS. Lane 1 showed the CEP290 (290 KD) expression in normal kidney tissues (wild-type, WT). Lane 2 showed CEP290 expression in foetal kidney tissue (mutant type, MT). GAPDH levels, served as controls. B, Localization of CEP290 in kidney tissues of MKS patient and normal kidney tissue. DAPI, for nuclear staining (blue); CEP290, Anti-CEP290 antibody followed by an Alexa fluo488-conjugated secondary antibody (green); Merge, DAPI nuclear staining plus anti-CEP290 antibody. These images were observed using immunofluorescence microscopy (40×)
F I G U R E 7 A, Localization of CEP290
in kidney tissues of MKS patient and normal kidney tissues (63×). DAPI, for nuclear staining (blue); CEP290, Anti-CEP290 antibody followed by an Alexa Fluor 488-conjugated secondary antibody (green); Merge, DAPI nuclear staining plus anti-CEP290 antibody. B, Localization of ARL13B in kidney tissues of MKS patient and normal kidney tissues (63×). DAPI, for nuclear staining (blue); ARL13B, Anti-ARL13B antibody followed by an Alexa Fluor 488-conjugated secondary antibody (green); Merge, DAPI nuclear staining plus anti-ARL13B antibody. The white arrow indicates the cilia. These images were observed using immunofluorescence microscopy (63×)
| In silico analysis
The variant (c.2144T>G, p.Leu715*) was predicted "disease causing"
by Mutation Taster (http://mutat ionta ster.org/). 11
| D ISCUSS I ON
In our present study, we described a 35-years-old pregnant Chinese woman from a non-consanguineous Chinese family. She had a history of adverse pregnancy. During her sixth pregnancy, we found that the foetus was presented with occipital meningoencephalocele with a massively malformed brain, cystic dysplastic kidneys and the pregnant woman decided to terminate the pregnancy. We Figure 6A ). Additionally, we also observed that the wild-type CEP290 protein is localized into the ciliary base in normal kidney tissue while we found no expression of mutated CEP290 protein in foetal polycystic kidney tissue ( Figure 7A ). However, the expression of ARL13B in foetal kidney tissue with mutated CEP290 protein was similar to the normal kidney tissues with wild-type CEP290 protein ( Figure 7B ).
In addition, here, we observed differences in the length of cilia between wild-type and mutant kidney tissues. The length of the mutant cilium has found longer than that of the wild-type cilium.
However, structural defects of cilia as well as differences in ciliary length are correlated with severe developmental diseases. 14 
Polycystic kidney tissues of foetus have been suffering from MKS3
with mutation in TMEM67 gene showed longer cilia than wild-type tissues. 15 LCA patients with mutations in CEP290 gene never been identified with an increased ciliary length. Hence, the structural defects of cilia as well as differences in ciliary length are tissue specific. In addition, regulation of the length of the primary cilia is very significant and dynamic process which is playing a key role in signal transduction through cilia. 16 The structure and length of the cilia is very specific for its functional significance. 17 Germline variants in CEP290 gene rarely cause MKS4. 2 Till now, all the MKS4 patients with CEP290 gene variants were reported to be harbouring truncating variants in CEP290. 1-3,18-26 Among all the CEP290 variants reported to cause MKS4 are majorly frameshift or non-sense variants. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] CEP290 gene encodes the centrosomal protein CEP290 with 2479 amino acids. 28 Centrosomal protein CEP290 showed a highly tissue specific expression, majorly in embryonic tissues, but not expressed in adult tissues or organs. 15 Hence, the expression pattern of centrosomal protein CEP290
suggesting us that it is playing a significant role during embryonic development. 28 Centrosomal protein CEP290 is playing a key role in both early and late steps in cilia formation. 2 with the variant in CEP290 gene is more prevalent in consanguineous families. 25 Our present case is the first report of CEP290 associated MKS4 in Chinese population.
Meckel syndrome is a very rare and extremely heterogenous (in both genotypically and phenotypically) disorder. So, single gene sequencing or targeted next-generation sequencing is not always identified the candidate variants in patients with MKS. Therefore, whole exome sequencing is more accurate and reliable for identifying the candidate gene and variants underlying the disease phenotype in patients with MKS. Whole exome sequencing (WES) is one of the most significant technologies for identifying candidate gene and disease-causing variants in patients with MKS. Whole exome sequencing is more accurate, rapid and cost-effective tool for early and timely molecular genetic analysis allowing clinicians for making accurate clinical diagnosis. 35, 36 So, our present study not only report the first variant of CEP290 gene in a patient with MKS4 in Chinese population, but also strongly emphasizes the significance of WES as an accurate, rapid and cost-effective tool for molecular genetic analysis for the patients with MKS.
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